Culture-independent fecal source tracking methods have many potential advantages over library-dependent, isolate-culture methods, but they have been subjected to limited testing. The purpose of this study was to compare culture-independent, library-independent methods of fecal source tracking. Five laboratories analysed identical sets of aqueous samples that contained one or more of the following sources: sewage, human feces, dog feces, cattle feces and gull feces. Two investigators used methods based on PCR amplification of Bacteroidetes marker genes and both successfully discriminated between samples that did or did not contain human fecal material. One of these investigators was also able to identify the remaining sources, except for gull, with a low rate of false positives. A method based on E. coli toxin genes successfully identified samples containing sewage and cattle feces, but missed some samples with human feces because of low marker prevalence in individual human fecal samples. Researchers who used community terminal restriction fragment length polymorphism (T-RFLP) were limited by the amount of DNA recovered from samples, but they correctly identified human and cattle fecal contamination when sufficient DNA was obtained. Culture independent methods show considerable promise; further research is needed to develop markers for additional fecal sources and to understand the correlation of these source-tracking indicators to measures of human and environmental health.
INTRODUCTION
Fecal source tracking techniques have proved useful because they provide a mechanism for properly focusing water quality remediation efforts (Scott et al. 2002; Simpson et al. 2002b) . Many fecal source tracking applications to date have been culture-based methods in which the occurrence of phenotypic or genotypic traits in fecal isolates from water is compared with occurrence in a library of isolates from fecal samples. New developments in the use of molecular methods to study uncultured microbes in natural populations have led to rapid and quantitative means of assessing natural microbial populations without the need for cultivation. In this study, our purpose was to investigate the performance of several culture-independent methods for fecal source tracking.
The available culture-independent fecal source tracking methods fall into two categories. The first involves fingerprinting the entire microbial community. A rationale for examining the entire bacterial community for hostspecific markers is that several studies suggest that individual host species have unique time-invariant bacterial communities (Satokari et al. 2001; Simpson et al. 2002a; Tannock 2002; LaMontagne et al. 2003b ) that can be detected in water (Cho & Kim 2000) . Out of the range of community fingerprinting methods available, terminal restriction fragment length polymorphism analysis (T-RFLP; Liu et al. 1997) produces both graphical and numerical data and is particularly useful for generating comparisons of communities (LaMontagne & Holden 2003 (in press) ; LaMontagne et al. 2003a (in press) ).
Other available culture-independent methods focus on detection of indicator genes. One is based on detecting small subunit ribosomal RNA genes (16S rDNA) from the Bacteroidetes group of fecal anaerobes (Bernhard & Field 2000a, b; Bernhard et al. 2003) . Genetic diversity is high in this group, making it ideal for sequence comparison and primer design. Diagnostic sequences from uncultured
Bacteroidetes have been identified using T-RFLP, sequence analyses or subtractive hybridization, and used to design PCR primers for fecal source tracking (Bernhard & Field 2000a, b; Dick et al. 2003 (submitted); Walters et al. unpublished) . Another indicator gene approach is based on detection of toxin genes from diarrhoeic E. coli, an enterotoxin-producing pathogenic subset of E. coli associated with the gut in a variety of animals and humans.
Unique sequences within one of the genes coding for the heat stable enterotoxin, STIb, are associated with human fecal waste and form the basis for PCR primers to detect human fecal pollution (Oshiro & Olson 1997) . Similarly, bovine fecal waste is associated with the heat labile enterotoxin, LTIIa, the gene sequence of which was used to develop PCR primers to detect fecal pollution from cattle (Khatib et al. 2002) . These markers have been shown to be highly specific and geographically stable, and to have a high enough prevalence for culture-independent detection as long as a large enough number of cells is screened (Khatib et al. 2002; Oshiro & Olson 1997) .
Culture-independent methods have many potential advantages over cultured isolate-based methods. The first is that they do not require prior construction of a library of bacterial isolates. Library development is time-consuming, expensive and compromised by the presence of cosmopolitan or transient isolates that must be discarded to produce a good fit with library databases (Whitlock et al. 2002) . Assessing the entire population via PCR amplification of a specific genetic sequence avoids sample size biases. Although culture-independent methods are based on prior knowledge of gene sequences for primer design, they do not depend on building a library of bacterial strains from a particular habitat or watershed.
Culture-independent methods are also potentially faster. Typical processing time for culturing isolates of indicator organisms is 24 h, which limits use of these methods in risk management decisions. Cultureindependent data could be available on the same day that a beach closure decision needs to be made.
A third reason for investigating culture-independent methods is that uncultured microbes are numerically dominant in feces, and therefore may be easier to detect.
Sequence-based studies of feces and the gut habitat routinely yield mostly unknown sequences (Wilson & Blitchington 1996; Pryde et al. 1999; Suau et al. 1999; Bernhard & Field 2000b; Daly et al. 2001; Favier et al. 2002; Holben et al. 2002; Hold et al. 2002; Leser et al. 2002; Zoetendal et al. 2002) . The many new methods now used to monitor uncultured microbes in natural populations have opened up the possibility of using dominant, yet uncultured or difficult-to-culture, fecal bacteria as indicator organisms.
This paper presents an evaluation of cultureindependent methods based on application to identical sets of blind samples containing known amounts of human, cattle, dog and gull fecal material or human sewage in an aqueous matrix. We report on results from these analyses, plus additional analyses carried out after the end of the blind testing. The work is part of a larger study in which multiple classes of methods were evaluated (Griffith et al. 2003) , providing the opportunity not only for an unbiased evaluation of culture independent methods, but also for comparison with results produced by library-based methods.
MATERIALS AND METHODS
Blind water samples and reference materials (approximately 1 g of fecal material or transport swabs from each of the scats used to create the water samples) were prepared and distributed to each laboratory as outlined in Griffith et al. (2003) . Combined feces from 11 healthy adult humans, 12 dogs, 12 cattle (dairy and beef), four different flocks of gulls, or sewage influent from the Orange County Sanitation District primary wastewater stream were used to create the samples.
Community T-RFLP
Twelve samples suspended in distilled water and 12 mixed matrix (seawater matrix or humic acid amended distilled water) samples were sent to the University of California at Santa Barbara for community T-RFLP analysis. Fecal reference samples were washed (1 g 10 ml − 1 ) in phosphate saline buffer, treating each replicate sample independently. A fraction (2 ml) of the suspension was concentrated by centrifugation (10,000 × g, 2 min). The supernatant was aspirated away and the pellets were stored at − 80°C. DNA was extracted from these pellets with a previously described bead-beating protocol (LaMontagne et al. 2002) . Blind test samples (labelled A to X) were concentrated by centrifugation (7,000 × g, 10 min) and resuspended in 100 µl phosphate buffered saline solution. This concentrate was split. One section was transferred to a microcentrifuge tube, pelleted and archived at − 80°C. The other section was mixed with an equal amount of 1.6% molten agar in a 1.5 ml tube. Agar blocks were digested overnight with Proteinase K and exchanged with TE buffer several times (Moreira 1998) .
DNA concentration in these blocks was determined by
Picogreeny fluorometry according to the manufacturer's instructions (Molecular Probes, Eugene, Oregon), after melting a section of the block in TE. For community analysis, a section of the agar block, equivalent to 50 ng DNA, was transferred to a thin-walled PCR tube. For comparison, DNA was also extracted from pellets of the archived samples by the bead-beating protocol described above. Filters were placed on mTEC agar (Difco) and incubated at 35°C for 1.5 h, followed by 44.5°C for 20 ± 2 h. Plates were flooded with 1 ml 1 × phosphate-buffered saline, colonies were resuspended in the buffer and then pipetted into 1.5 ml eppendorf tubes. Tubes were centrifuged for 10 min at 12,000 × g, the supernatant discarded and cells kept for DNA extraction.
A modified phenol/chloroform extraction method (Tsai & Olson 1991) was used to extract bacterial DNA.
The addition of Tris-HCl-saturated phenol to the DNA after the freeze-thaw cycles was omitted and an additional wash step was added after the isopropanol precipitation.
DNA was resuspended in 200 ml of 75% ethanol (reagent grade) at − 20°C for 1 h and processed as described in the method. RNAase was also omitted from the protocol and the DNA without further purification was stored at − 50°C until PCR analysis.
To increase sensitivity, a second set of primers for both toxin genes was developed for nested PCR (STIb:
59-TGTATTGTCTTTTTCACC and 59-GCTTGTACCGGG TGCTATTAA and LTIIa: 59-GCATGGAGAAAGAGATG AGC and 59-CTTACCACATAGATCCCACG). These primers were tested for cross-reactivity by screening all sequences contained in GenBank (http://www.ncbi.
nlm.nih.gov/) using BLAST (Altschul et al. 1990 ). 
RESULTS
Results from analysis of blind water samples were assessed using four criteria:
1. Ability to identify presence of human fecal material in distilled water samples.
Ability to identify absence of human fecal material
in distilled water samples. (Table 1) .
Bacteroidetes T-RFLP and host specific PCR methods performed best at identifying samples that did not contain a human source of contamination. The toxin gene method incorrectly identified 50% of these samples. (Griffith et al. 2003) , to obtain similar contributions of E. coli, several orders of magnitude more grams of feces from cattle were added than other sources. While this yielded relatively equivalent contributions of these culturable bacteria (Griffith et al. 2003) , the mass of nucleic acids from the sources was not equivalent.
T-RFLPs generated from cattle, dogs and sewage 
Bacteroidetes markers (OSU)
The human assays correctly identified reference and unknown samples containing human feces or sewage with no false positives. The cattle assays generated one false positive, C. Since neither cattle assay showed any crossreactivity with the human and gull reference samples that were used to prepare Sample C, the most likely expla- These assays were not sensitive to salt water; however, two out of four of the samples containing humic acids did not amplify.
Bacteroidetes markers by T-RFLP (USC)
No measurable DNA was recovered from nine samples.
DNA concentrations were consistently highest in extracts from samples containing cattle feces. Measurable DNA was recovered from only one of four of the samples amended with humic acid, but no PCR product was produced, perhaps due to inhibition of the PCR reaction by the humic acid. Concentrations of DNA in reference sample extracts varied widely from sample to sample and source to source. The highest concentrations were observed in cattle and the lowest in gulls.
Bacteroidetes markers by PCR (USC)
An additional extraction from glass fibre filters originally 
DISCUSSION
Criteria to assess methods include the incidence of false positives and false negatives, or missed samples. A false negative occurs when a particular source is present, but the method does not detect it. In this study there were at least three causes for false negatives: operator error; insufficient sensitivity (if the source, or the trait being assayed, was below the limits of detection); or interference, for example from humic acids that inhibit the PCR.
A false positive occurs when a particular source is not present, but the method reports it as present. In this study there were at least three different kinds of false positives:
first, a particular source was not present, but the method detected it, due to insufficient specificity of the assay; second, the 'wrong' host has the marker, so that although a particular source was not present, the method detected it due to the presence of another source which has the marker; third, operator error, such as sample contamination.
For any method of fecal source tracking, there will be an associated rate of false positives. As long as the rate is relatively low, and measurable, it does not negate the usefulness of the method. Careful studies could establish the expected rate of false positives for each of these methods.
With the exception of community T-RFLP, results for the culture-independent methods were characterized by a low rate of false positives and a high rate of false negatives. This is in sharp contrast to results from the librarydependent methods that were evaluated as part of the larger study, which rarely missed a source but frequently identified multiple sources that were not present in the sample (Griffith et al. 2003) . (Provence & Curtiss 1994; Adams et al. 1997) . E. coli markers for pig have already been proposed (Khatib et al. 2003) . The success of culture-independent methods in this study should provide additional incentive for investment in further primer development research.
Another factor that contributed to false negatives was an inability to extract adequate DNA from some samples, can accurately measure the number of copies of a marker gene in a template. These techniques would be applicable to any presence/absence PCR-based assays described here. A Q-PCR assay for Bacteroidetes genes was recently described that is well correlated with counts of E. coli and enterococci in sewage (Dick & Field 2003 (submitted) ).
However, interpreting results of Q-PCR for sourcespecific markers will require further research to assess stability of marker dosage over time and space.
The issue of quantitation is complicated by the related issue of survival of fecal markers in water. An older method of fecal source tracking, comparing the ratio of fecal coliforms to fecal streptococci, has been largely abandoned because it has been shown that the two groups survive differently, causing the ratio to change over time (Pourcher et al. 1991; Sinton et al. 1993) . The relative survival of the fecal indicators being used for source discrimination has not been investigated. This is a major shortcoming of all source-tracking technologies, not just culture-independent methods.
CONCLUSIONS
The strengths of culture-independent fecal source tracking methods lie in their rapid identification of presence/ absence of certain fecal sources, without the need for culturing bacteria, and without the need for libraries.
However, they are currently limited by the number of species for which there are published markers. There is a crucial need for both marker development and information on survival of markers, especially compared with pathogens and standard public health indicators.
We predict that a productive approach in future will involve initial application of one of these cultureindependent methods. In many situations, presence/ absence data will be sufficient to allow mitigation efforts to be properly focused. If further information is needed, the presence/absence data will allow the cost-effective, focused application of library-based methods in specific areas only.
